T HE TGF␤ SUPERFAMILY HAS been shown to play important roles in regulating ovarian functions in mammals, such as follicle development and maturation, steroid hormone production, and gonadotropin receptor expression (reviewed in Refs. [1] [2] [3] [4] [5] [6] . Less is known about the role of TGF␤ superfamily in the ovary of lower vertebrates, such as fish. Several studies have reported that activin and inhibin stimulate oocyte maturation in zebrafish (7, 8) . On the other hand, TGF␤ has an inhibitory effect on oocyte maturation in the zebrafish (9) and steroid hormone production in the goldfish (10) .
The discovery of oocyte derived TGF␤ like peptides, growth and differentiation factor (GDF)-9 and bone morphogenetic protein (BMP)-15 (also known as GDF-9B) in mammals has led to significant advances in our understanding of early follicle development. Comprehensive reviews of these factors can be found in earlier publications (3, 5, 6, (11) (12) (13) (14) (15) (16) (17) . GDF-9 is the product of a somatic gene and is widely expressed in a variety of tissues such as ovary, testis, brain, bone, etc. (12, 18) . BMP-15 is the product of an X-linked gene, and was described independently by two research groups (19, 20) . To date, BMP-15 has been reported to be expressed in oocytes (19 -21) and primary pituitary cells (22) and to a much lesser extent in other tissues such as heart and kidney (23). Both GDF-9 and BMP-15 are expressed early in follicle development (primordial follicles and primary follicles, respectively) and their expression persists throughout folliculogenesis (12, 24, 25) . GDF-9 and BMP-15 are essential factors regulating the pituitary hormone insensitive phase of mammalian ovarian follicle development, although the relative importance is species dependent. In mouse, knockout of GDF-9 arrests follicle development at the primary stage, whereas BMP-15 knockouts are only subfertile (26). On the other hand, homozygous mutations in BMP-15 genes (FecX G,B,I,H,L ) are responsible for sterility in ewes, as is homozygosity for the FecG H in GDF-9 genes (27). Defects in BMP-15 have also been implicated in hypergonadotropic ovarian failure in humans (28). GDF-9 and BMP-15 act as mitogens, stimulating proliferation of granulosa cells (17), and are involved in the regulation of regulatory factors such as kit ligand (29) and Gremlin (30). BMP-15 suppresses FSH receptor mRNA expression and blocks the action of FSH in granulosa cells and is thought to play a role in regulating granulosa cell proliferation and FSH sensitivity in developing follicles (31).
Whereas the important role of BMP-15 in ovarian function in mammals has become increasingly clear, little is known about the structure and function BMP-15 in nonmammalian species. To further understand the role of TGF␤ superfamily in the ovary, we cloned the cDNA encoding BMP-15 from zebrafish and investigated its tissue distribution and function in oocyte maturation. We report here the sequence and structure of zebrafish BMP (zfBMP)-15 and its chromosomal location. The expression of BMP-15 mRNA in ovarian follicles and other tissues and the effect of recombinant human BMP-15 and antiserum against zfBMP-15 on oocyte maturation are also described. Our observations are discussed with regard to their evolutionary significance and their importance in ovarian follicle development in a lower vertebrate.
Materials and Methods Animals
Zebrafish, Danio rerio, were purchased locally (Fish and Bird Emporium, Brampton, Ontario, Canada). Fish were maintained under 14-h light, 12-h dark, 28 C, in 10-liter tanks in a circulating freshwater AHAB system (Aquatic Habitats, Apopka, FL). Fish were fed twice daily, ad libitum, with Nutrafin staple food (Rolf C. Hagen Inc., Montréal, Québec, Canada) supplemented two to three times per week with newly hatched brine shrimp (San Francisco Bay Brand, Newark, CA). Zebrafish were killed in accordance with the regulations of the Canada Council for animal care. They were anesthetized in approximately 600 m Tricaine (3-aminobenzoic acid ethyl ester, Sigma-Aldrich Canada, Oakville, Ontario, Canada) and decapitated.
Molecular characterization of zfBMP-15
Sequence similarity searches were performed against zebrafish expressed sequence tag (EST) data using BLAST (www.ncbi.nih.gov/ BLAST) (32) and human GDF-9 as the query sequence. Several candidate sequences were identified from the search, and the corresponding EST clones (obtained from Incyte, Willmington, DE) were sequenced using an ABI DNA sequencer (model 310, Applied Biosystems, Foster City, CA). One of the clones, aw170981, was found to have a complete open reading frame. To confirm the sequence obtained from clone aw170981, total RNA was extracted from zebrafish ovary, reverse transcribed, and subjected to PCR using primers that flank the open reading frame. The resulting PCR product was ligated into pCMV5B plasmid (Novagen, Darmstadt, Germany) and sequenced in the York University Molecular Core facility. These sequences were compared with clone aw170981 and found to be identical. The sequence was subsequently BLASTED against the zebrafish genome (http://www.sanger.ac.uk/cgi-bin/blast) to determine its genomic organization. The deduced amino acid sequence was compared against the National Center for Biotechnology Information database to identify homologous proteins. The sequences identified are mostly known BMP-15s and GDF-9s from various species. Because the sequence we obtained consistently showed higher homologies to BMP-15s than to GDF-9s, it was designated as the zfBMP-15. The zfBMP-15 preproprotein sequence was aligned against 18 of the most closely related proteins, including two unnamed protein products (GenBank accession no. CAG01491 and CAF99068.1) [Clustal W, version 1.8, (33)]. Upon comparison, these unnamed proteins showed highest homology to zfBMP-15 and zfGDF-9, respectively, and were therefore considered to be the fugu BMP-15 and GDF-9 in subsequent analyses. A maximum likelihood parsimony phylogram was generated using the protein maximum likelihood program of Phylip 3.6b (34) and Treeview 1.6 (http://taxonomy.zoology.gla.ac.uk/rod/rod.html), with zfBMP-4 as the outgroup. Signal peptide of the deduced amino acid sequence was predicted using SignalP (35) (www.cbs.dtu.dk/services/SignalP).
RNA extraction and RT-PCR
Fish were killed and rinsed in RNase-free Cortland's medium. Ovary, testis brain, liver, gut, muscle, and heart were excised. Ovarian follicles of differing stages of development were collected as described previously (9) . Total RNA was extracted using TRIzol reagent (Invitrogen Canada Inc., Burlington, Ontario, Canada) according to the manufacturer's instructions. Reverse transcription and PCR were performed as previously described (8, 9) . All primers used in this study are listed in Table 1 . Primer BMP15-4 and -5 were used to determine tissue distribution of BMP-15 mRNA, and BMP15-6 and -7, incorporated with restriction sites, were used for the cloning of the coding region. Annealing temperature for PCR ranges from 55 to 65 C, depending on the primer set used. Quantitative PCR of ovarian follicles was carried out using an ABI Prism 7700 (Applied Biosystems) with Quantitect SYBR Green (Qiagen Canada Inc., Mississauga, Ontario, Canada). The reaction mix contained 7 pmol primers, 10 l SYBR green mix, template cDNA, diluted to 20 ml in RNase-free water. The comparative cycle threshold method (outlined in ABI Prism 7700 sequence detection system bulletin 2) was used to determine the relative quantity of BMP-15 mRNA in follicles of developmental stages I and II (previtellogenic), III-1 (small vitellogenic), III-2 (large vitellogenic), and IV (maturing) (9, 36), with glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as the endogenous reporter. Primers used in the real-time PCR were BMP15-1 and -3 and GAPDH-1 and -2 ( Table 1) . A validation curve using serial dilutions of mixed oocyte cDNA was produced to ensure replication efficiencies of BMP-15 and GAPDH were similar.
In situ hybridization
To obtain riboprobes for in situ hybridization, PCR was performed using clone aw170981 as the template and BMP15-3 and BMP15-4 as the primers. The resulting 502-bp fragment was subcloned into the pCR II TOPO vector (Invitrogen), and orientation of the cloned BMP-15 fragments was confirmed by DNA sequencing. Both sense and antisense RNA probes were generated using a digoxigenin (DIG) RNA labeling kit (Roche Diagnostics, Laval, Québec, Canada) following the manufacturer's instructions. The probes were used to detect zfBMP-15 mRNA in sectioned and whole-mount ovarian tissues.
For tissue sections, ovaries were excised, blotted dry, and flash frozen in supercooled isopentane. Cryostatic sections (8 m) were fixed to poly-l-lysine-coated slides and allowed to dry. In situ hybridizations were completed following the protocol of Braissant and Wahli (37), with the addition of a RNase A digestion step. Briefly, after fixation in 4% paraformaldehyde, tissue sections were washed and prehybridized for 2 h at 58 C in 5ϫ saline sodium citrate (SSC)/formamide (1:1) containing 40 g/ml salmon sperm DNA. The sections were then incubated overnight at 58 C in SSC/formamide containing 1 g/ml DIG-labeled zfBMP-15 sense or antisense RNA probe. After hybridization, sections were washed in 2ϫ SSC at room temperature (RT) and then 2ϫ and 0.1ϫ SSC at 65 C. After RNase A digestion (1 g/ml) for 30 min at 37 C, sections were washed again in 0.1ϫ SSC and probed with an anti-DIG antibody (Roche; 1:5000 dilution) for 2 h at RT. Color was developed using 5-bromo-4-chloro-3-indoyl-phosphate/4-nitro blue tetrazolium chloride (NBT) for 3 h at RT. Photographs were taken under light microscope using Ektrachrome 160T film (Kodak, Rochester, NY).
For whole mounts, each ovary was excised, washed, and split approximately into quarters. Hybridization was conducted following the protocol of Shinomiya et al. (38) . In brief, tissues were digested for 2 min in 10 mg/ml proteinase K in PBS and Tween 20 (0.1%), rinsed in 1 mg/ml glycine, and refixed in 4% paraformaldehyde. They were prehybridized at 65 C for 1 h in hybridization buffer containing 50% formamide/ 5ϫ SSC, 0.1% Tween 20, 0.5 mg/ml Torula yeast RNA, and 50 g/ml 
The solution was then replaced with hybridization buffer containing 1 g/ml sense or antisense RNA probe and tissues incubated overnight at 65 C. Subsequently tissues were washed several times and probed with anti-DIG (1:5000) for 2 h at RT. Color was developed overnight using 5-bromo-4-chloro-3-indoyl-phosphate/ NBT, nonspecific staining removed in 95% ethanol, and ovaries stored in 70% glycerol. Photos were taken under a dissecting microscope using Ektachrome 160T.
Antibody production and immunohistochemistry
A peptide (MQTFISELGVADIPL) located at the C-terminal mature zfBMP-15 region was selected as the antigen for production of polyclonal antiserum. The sequence was submitted to Sigma-Genosys (Oakville, Ontario, Canada), in which the peptide was synthesized and used to inoculate white rabbits for antibody production. For immunocytochemistry, the following procedures were conducted at RT, unless otherwise stated. Sections were postfixed for 10 min in 4% paraformaldehyde in PBS, washed twice in PBS, blocked for 60 min in 5% normal goat serum in PBS, and incubated with either the zfBMP-15 antiserum or preimmune serum overnight at 4 C. The sections were washed and probed with donkey antirabbit IgG horseradish peroxidase-conjugated secondary antibody (Amersham Canada, Baie d'Urfé, Québec) applied at 1:100 dilution. After a 2-h incubation period, the sections were washed in PBS, color developed with DAB-H 2 0 2 (Sigma-Aldrich), dehydrated through graded ethanol, mounted via xylene, and photographed.
Follicle incubations
Zebrafish were killed and ovaries excised as described above. Follicles ranging from 0.52 to 0.68 mm were selected and incubated (20 follicles /well) in 24-well culture plates for 24 h at 28 C. For incubations with exogenous BMP-15, follicles were incubated with 400 ng/ml recombinant human (rh) BMP-15 produced as previously described (21), 2 g/ml recombinant human chorionic gonadotropin (hCG) (obtained from Dr. A. F. Parlow, National Hormone and Peptide Program, Harbor-UCLA Medical Center, Torrance, CA), or a combination of rhBMP-15 and hCG, and scored for maturation. Oocytes that underwent germinal vesicle breakdown were identified by their ooplasmic clearing (due to proteolytic cleavage of vitellogenin) (9, 36). To determine the effect of BMP-15 antiserum on oocyte maturation, follicles were incubated with either preimmune serum or zfBMP-15 antiserum. The sera were diluted in Cortland's medium to final concentrations of 1:25, 1:50, 1:100, or 1:200. Each group had four replicate wells and each experiment was repeated two to three times. Data were analyzed by one-way ANOVA with Student-Newman-Keuls post testing, using GraphPad Instat (GraphPad Software, San Diego, CA).
Results

Cloning of zfBMP-15 cDNA
We obtained the full-length cDNA sequence for zfBMP-15 (Fig. 1 , GenBank accession no. AY954923) by sequencing an EST clone (aw 170981) and confirmed by RT-PCR of RNA samples extracted from zebrafish ovaries and subsequent cloning. The nucleotide sequence encodes a protein of 384 amino acids. The signal peptide is predicted to be 26 residues. A cleavage site (RXXR), known to be recognized by proteases involved in processing members of the TGF␤ superfamily (6) , is found in position 254 -257. Therefore, the mature protein of zfBMP-15 is predicted to have 127 residues, from the position 258 to 384 (Fig. 1) . Most members of the TGF␤ family have been reported to possess seven conserved cysteine residues in the mature protein, six contributing to the formation of a cysteine knot and the remaining cysteine forming an intersubunit disulfide bond between two subunits. BMP-15 and GDF-9 are notable exceptions in that they lack the residue responsible for dimerization (17). zfBMP-15 resembles tetrapod BMP-15 and GDF-9, possessing only six cysteines in the mature region (Fig. 1) .
Comparison of zfBMP-15 cDNA sequence with zebrafish genomic sequences revealed that the bmp-15 gene is located in chromosome 6 and has two exons and one intron (Fig. 2) . Exon 1 encodes for the 5Ј untranslated region, the coding sequence of the signal peptide and the first 90 amino acids of the proregion. Exon II encodes for the remaining proregion, the C-terminal mature protein, and the 3Ј untranslated region.
Phylogenetic analysis
The phylogenic relationship between the full-length sequences of zfBMP-15, GDF-9, and BMP-4, fugu BMP-15 and GDF-9, mammalian GDF-9 and BMP-15, frog Vg1, and Drosophila DPP predicted by the maximum likelihood protein parsimony analysis program in PHYLIP, is shown in Fig. 3A . This phylogram was predicted by both the Jones-TaylorThornton and the Henikoff/Tillier models (described in PHYLIP). Because BMP-15 and GDF-9 have previously been shown to form a distinct branch in a phylogram of TGF␤ family members (11) , with the exception of zfBMP-4, DPP, and Vg1, other family members were not considered. Alignment with Clustal W revealed that the location of all cysteine knot residues has been conserved in all the peptides exam- ined. BMP-15s and GDF-9s were seen to form separate branches on the phylogram as expected. zfBMP-15 most closely aligned with fugu BMP-15, whereas zfGDF-9 was most similar to the fugu homolog. zfBMP-4, the outlier for this analysis, grouped with the amphibian Vg1 and Drosophila DPP and served to illustrate the distinctive nature of BMP-15 and GDF-9 relative to other members of the TGF␤ superfamily.
When the mature zfBMP-15 sequence was compared with related proteins in the National Center for Biotechnology Information database, it was found that zfBMP-15 has about 46 -55% sequence identity to BMP-15 of fish, bird, and mammals (Fig. 3B) . The homology of zfBMP-15 to GDF-9 from other species is slightly lower at 38 -46% (Fig. 3B) .
Expression of BMP-15
To determine the mRNA expression of BMP-15, total RNA was extracted from ovary, testis, heart, gut, liver, brain, and muscle. RT-PCR revealed strong expression of BMP-15 mRNA in ovary and testis. BMP-15 mRNA was also detected in the brain, liver, gut, heart, and muscle, although the expression level in these tissues was much lower than that in the gonads (Fig. 4) . In this experiment, the possibility of amplifying genomic DNA was ruled out by selecting intronspanning primers.
Because BMP-15 is known to play important roles in the ovary, we further examined the expression pattern of BMP-15 in the ovary by in situ hybridization and immunocytochemistry. As shown in Fig. 5A , when ovarian tissues were incubated with DIG-labeled antisense BMP-15 probe, small follicles were positively stained after 2 h of color development. Positive staining was observed in all follicles after 24 h of color development (data not shown). In tissues incubated with the sense probe, no specific signals were observed. In ovarian sections probed with antisense zfBMP-15 RNA, it was found that BMP-15 mRNA is expressed in not only oocytes but also granulosa and theca cells but was generally absent from ovarian stroma (Fig. 5B) . To confirm the findings from in situ hybridization, we also carried out immunocytochemistry studies using an antiserum against a synthetic peptide of zfBMP-15. When the antiserum was used to incubate ovarian sections, positive signals were observed in oocytes and follicular cells (Fig. 6A) . No signal was detected in control sections incubated with preimmune serum (Fig. 6B) .
To measure BMP-15 mRNA levels in different stages of follicles, a real-time PCR assay was developed. To validate the use of GAPDH as the endogenous control, dilution curves, representing threshold cycle vs. log of cDNA dilutions were performed for BMP15 and GAPDH (Fig. 7A) . Both curves had similar slopes, thus indicating similar amplification efficiencies of BMP-15 and GAPDH. Subsequently total RNA was extracted from: 1) previtellogenic follicles (stages I and II, smaller than 0.38 mm); 2) small vitellogenic follicles (stage III-1, 0.39 -0.51 mm); 3) large vitellogenic follicles (stage III-2, 0.52-0.69 mm); and 4) maturing follicles (stage IV, greater than 0.69 mm). The RNA samples were treated with DNase to remove any genomic DNA and then reverse transcribed. Real-time PCR revealed that there is no significant difference in BMP-15 mRNA levels among follicles of different sizes (Fig. 7B) . Real-time PCR was also conducted using TaqMan probes (Applied Biosystems), and similar results were obtained (data not shown).
Effect of BMP-15 on oocyte maturation
To determine the effect of BMP-15 on oocyte maturation, two approaches were used. First, follicles were incubated with rhBMP-15, either alone or in combination with hCG. It was observed that rhBMP-15 had no apparent effect on basal oocyte maturation, but when added in combination with hCG, it suppressed oocyte maturation induced by hCG (Fig.  8A) . When follicles were incubated with zfBMP-15 antiserum, there were significant increases in oocyte maturation rates, compared with follicles in the control Cortland's medium or Cortland's supplemented with preimmune serum (Fig. 8B) . The effect was observed for all serum concentrations tested. Finally, follicles were incubated with hCG and either the preimmune serum or antiserum against zfBMP-15. As shown in Fig. 8C , preimmune serum had no significant effect on basal oocyte maturation but slightly reduced the effect of hCG. Antiserum against zfBMP-15 again induced a significant increase in oocyte maturation; however, in the presence of hCG and anti-BMP-15, there was no further increase in oocyte maturation (Fig. 8C) .
Discussion
BMP-15 has been shown to be an important factor involved in the regulation of early folliculogenesis in mammals. However, no studies on BMP-15 have been reported in lower vertebrates. In this study, we obtained the cDNA sequence and depicted the genomic organization of zfBMP-15. We also examined its expression in various tissues, especially in the ovary and demonstrated that blocking the effects of endogenously secreted BMP-15 (using antiserum) leads to an increase in oocyte maturation rate, whereas addition of exogenous BMP-15 suppresses hCG-induced oocyte maturation.
The zfBMP-15 has six cysteine residues in its mature protein region, a characteristic of mammalian BMP-15 and GDF-9 (17), and Clustal W alignment of BMP-15, GDF-9, and the related proteins before PHYLIP analysis revealed that the location of the cysteine knot residues is 100% conserved. Phylogenetic analysis demonstrates that the zfBMP-15 is more closely related to BMP-15 from other species than to GDF-9. These findings support our assertion that the molecule we cloned is in fact BMP-15. However, compared with many other members of the TGF␤ family, BMP-15 is less conserved. For example, the zebrafish activin-␤A and -␤B sequences are over 90% identical with the mammalian counterparts. Similarly, the zebrafish TGF␤1 has over 70% identities with mammalian TGF␤1 (9). However, we found only 46 -51% homology between the zebrafish and tetrapod BMP-15. The low degree of conservation of zfBMP-15 is in agreement with mammalian studies in which the mouse and human BMP-15 amino acid sequences in the mature domain exhibit only 70% identity, whereas other BMP proteins have a greater than 96% homology between mouse and human (19). Despite the apparent low homology between zebrafish and human BMP-15, the rhBMP-15 has activities in zebrafish as determined in oocyte maturation experiments.
Surprisingly, whereas zfBMP-15 mature protein has 42-46% homologies with mammalian GDF-9, it shares only 39% identity with zfGDF-9 and 38% with fugu GDF-9. Comparison between fugu BMP-15 and GDF-9 also reveals less than 40% similarities. The identities between fish BMP-15 and GDF-9 within the same species are lower than those in mammals, which have approximately 50% homologies (26). In mammals, it is well documented that BMP-15 and GDF-9 have overlapping and synergistic roles in regulating ovarian functions (6, 26, 39 -41) . The reason for such low degree of identity between fish BMP-15 and GDF-9 is unclear, and   FIG. 7 . BMP-15 mRNA levels in zebrafish ovarian follicles at different stages of development as determined by quantitative PCR. A, Real-time PCR validation curve. Ovarian cDNA was subjected to serial dilutions and real-time PCR using primers specific for BMP-15 and GAPDH. Similar amplification efficiency by BMP-15 and GAPDH primers was found. B, Measurement of BMP-15 mRNA levels. Follicles were grouped into different stages based on their sizes and total RNA extracted. After reverse transcription, realtime PCR was performed. Relative mRNA levels were expressed as fold of stage II. No significant difference in BMP-15 mRNA expression is seen in ovarian follicles of stages I-IV. Data represent mean Ϯ SEM (n ϭ 4 experiments). Ct, Threshold cycle. description of additional piscine homologs is required for any further interpretation. Similarly, whether BMP-15 and GDF-9 have synergistic functions in fish ovary remains to be determined.
Comparison of the zfBMP-15 cDNA sequence with zebrafish genome database reveals that the zfBMP-15 mRNA is contained within two exons separated by an intron. This is consistent with the human and mouse bmp15 genes (19). BMP-15 is known as an X-linked protein in mammals (19), whereas the zebrafish bmp-15 gene is mapped to chromosome 6. This is not surprising because zebrafish do not appear to have sex chromosomes (42) .
Using RT-PCR, we detected a high level of BMP-15 mRNA in ovary and testis. This is consistent with results from mammalian studies. In mouse, strong expression of BMP-15 was found in the oocytes (19). In human and bovine, BMP-15 has been reported to be expressed in both testis and ovary (24, 43). We also detected low level of mRNA in other tissues such as the heart, liver, gut, brain, and muscle, which is similar to the expression of BMP-15 in sheep (23). Recently Otsuka and Shimasaki (22) demonstrated that gene expression and protein synthesis also occur in primary pituitary cells of mice and in the gonadotrope cell line L␤T2. In the pituitary, BMP-15 stimulated synthesis and release of FSH but had no effect on LH secretion, suggesting that BMP-15 acts in an autocrine manner to regulate the monotropic rise of FSH during the estrous and menstrual cycles. GDF-9 is expressed in oocytes (44 -46) but has also been shown to be expressed in a number of other tissues, including brain, bone, testes, and uterus (47, 48) . Thus, the tissue distribution pattern of BMP-15 in zebrafish is similar to that of GDF-9 and BMP-15 in mammals.
Using in situ hybridization and immunocytochemistry, we detected BMP-15 mRNA and protein expression in all stages of ovarian development. Quantification of mRNA levels by real-time PCR revealed that there was no significant difference in BMP-15 mRNA levels among follicles at different stages of development. However, we cannot exclude the possibility that BMP-15 protein expression and/or secretion may vary with follicles development and oocyte maturation, and this will be tested in the future. Nevertheless, our observation that BMP-15 is expressed in follicles at all stages of development is consistent with mammalian studies in which BMP-15 has been reported to be expressed from early to late stages of follicle development (49) . The important role of BMP-15 in folliculogenesis has been well established. Naturally occurring mutations in the bmp-15 genes of Inverdale, Hanna, F700 Belclare, Cambridge, and Booroola sheep produce infertility in ewes homozygous for the mutation, and hyperfertility in heterozygotes (27). The follicles of sterile ewes do not proceed beyond the primary stage and possess an enlarged oocyte and an incomplete complement of granulosa cells owing to a failure of granulosa cell proliferation. Rams do not appear to be affected by these mutations (23, 49 -51) . The role of BMP-15 in early follicle development of fish is unknown.
In the present study, we demonstrated that BMP-15 has an inhibitory effect on oocyte maturation in zebrafish. Similar to previous studies, treatment of hCG significantly induced oocyte maturation (8, 9, 36) . The basal and hCG-induced maturation rates observed in this study were consistent with previous reports from our (8, 9) and other (36) laboratories. Although efforts to synthesize recombinant zfBMP-15 have been unsuccessful, we have observed that hCG failed to induce oocyte maturation in zebrafish follicles incubated with rhBMP-15, suggesting that BMP-15 has an inhibitory effect on oocyte maturation. This notion is further supported by the finding that incubation of zebrafish follicles with antiserum against zfBMP-15 significantly induced oocyte maturation. When zfBMP-15 antiserum was added with FIG. 8. Effects of BMP-15 on zebrafish oocyte maturation. A, Ovarian follicles from 0.52 to 0.68 mm were collected and incubated with hCG (2 g/ml), rhBMP-15 (400 ng/ml), either alone or in combination. B, Follicles were cultured in the presence of either zfBMP-15 antiserum (AS) or preimmune serum (PIS) at 1:25, 1:50, 1:100, or 1:200 dilution in Cortland medium. Recombinant hCG (2 g/ml) was used as positive control. C, Follicles were incubated with hCG (2 g/ml), PIS (1:100 dilution), AS (1:100 dilution), or the indicated combinations. Germinal vesicle breakdown (GVBD) was scored after 24 h. Data represent mean Ϯ SEM of four replicate wells in one experiment. The experiment was repeated three times with similar results. Different letters denote statistical significance (P Ͻ 0.05).
hCG, we observed no further increase in hCG-induced oocyte maturation. It may be possible that hCG down-regulates BMP-15 expression, and thus, neutralization of endogenous BMP-15 has little effect over hCG-induced maturation. In addition, because the effect of hCG on oocyte maturation is dependent on follicle sizes (larger follicles have greater response to hCG) (36) as well as the dose and incubation time (36), it is also possible that the lack of facilitation of hCG effects by BMP-15 antiserum is due to the presence of unresponsive follicles and/or the hCG concentration used. Interestingly, preimmune serum slightly reduced the effect of hCG on oocyte maturation, suggesting the presence of inhibitory growth factors/hormones in the serum. The observation that antiserum against zfBMP-15 induced oocyte maturation indicates that the antiserum we produced has neutralizing activity. Several studies in mammals have reported that antibodies raised against peptides located in the C-terminal region of BMP-15 or GDF-9 have neutralizing effects (40, 41) . The peptide selected for the production of zfBMP-15 antibody has little homology with other BMPs and GDFs, including the zebrafish GDF-9. Therefore, the antiserum is expected to have high specificity.
Although the mechanisms underlying the inhibitory effect of BMP-15 on oocyte maturation remain to be investigated, several possibilities exist. First, BMP-15 may inhibit inhibin and activin expression and therefore decrease oocyte maturation. In zebrafish, it has been demonstrated that activin and inhibin enhance hCG-induced oocyte maturation (7, 8) and hCG up-regulates activin/inhibin-␤A subunit expression (8, 52, 53) . In mammals, BMP-15 has been shown to inhibit FSH-induced inhibin expression (31). Second, BMP-15 may inhibit the production of 17␣, 20␤, dihydroxyprogesterone, which is known to be the maturation-inducing hormone in zebrafish (54) . Again, BMP-15 is known to inhibit gonadotropin-induced progesterone production in mammals (21, 40, 41) . Finally, BMP-15 may down-regulate LH receptor, thereby reducing the effect of hCG on oocyte maturation. It has been reported that BMP-15 suppresses FSH-induced LH receptor mRNA levels (31). Our preliminary data also suggest that in zebrafish follicles, hCG-induced LH receptor mRNA expression is inhibited by BMP-15 (Clelland, E., and C. Peng, unpublished results).
Several studies in mammals have suggested that in addition to promoting early follicle development, BMP-15 and GDF-9 are also involved in the regulation of late stages of follicle development. However, unlike our findings in zebrafish follicles, which indicate an inhibitory role of BMP-15 in oocyte maturation, BMP-15 and GDF-9 appear to have a positive role in later stages of follicle development, such as cumulus expansion and oocyte maturation (55) . In doublemutant mice lacking both gdf9 and bmp15 genes, FSH failed to induce cumulus cell expansion (55) . In addition, there was a delay in LH-induced oocyte maturation in vivo but no significant change in spontaneous in vitro oocyte maturation (55) . The effects of BMP-15 and GDF-9 are thought to be mediated by their actions on cumulus cells because no BMP-15 receptors are expressed on oocytes (55) . In isolated murine cumulus-oocyte complexes, which develop normally and enlarge in culture, knockdown of GDF-9 but not BMP-15 inhibits cumulus expansion and decreased expression of prostaglandin synthase-2 and hyaluron synthase-2, which are necessary for antral expansion (56) , supporting the notion that GDF-9 is the cumulus expansion-enabling factor. However, BMP-15 and GDF-9 may also have an inhibitory role in ovulation in the sheep because short-term immunization of ewes against either BMP-15 or GDF-9 has been shown to increase ovulation rate without apparent detrimental effect on ovulated follicles (57), although long-term immunization results in anovulation due to the cessation of follicular growth (58) .
In summary, this study is the first in lower vertebrates to examine the structure and expression of BMP-15 and provides preliminary evidence, suggesting BMP-15 plays a role in regulating gonadal function in zebrafish. Future studies on the function of BMP-15 in fish, such as early follicle development, will provide further insight into the structural and functional evolution of this protein.
